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Federal Funding Legend 

This invention was produced in part using funds obtained 
through grants from the National Institutes of Health. 
Consequently, the federal government has certain rights in this 
15 invention. 

BACKGROUND OF THE INVENTION 

Field of the Invention 
20 The present invention relates generally to the field of 

immunology. More specifically, the present invention relates to 
chimeric antigen-enterotoxin ' mucosal immunogens that 
differentially enhance immune responses. 

25 Description of the Related Art 

Cholera toxin (CT) produced by Vibrio cholerae and 
the labile toxins (LT) from Escherichia coli are structurally 
related heat-labile enterotoxins (HLE) that have been employed as 
mucosal adjuvants to augment mucosal immune responses to co- 
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administered antigens (Ag) (1, 2). These enterotoxins consist of 
an ADP-ribosylating Al subunit non-covalently coupled with a 
pentameric ring of five identical B subunits through the A2 
subunit, which is the C-terminal end of the A polypeptide (3). 
5 Initial studies using heat-labile enterotoxins as adjuvants in 
animal models led to the conclusion that their adjuvanticity was 
due to their toxic enzyme activity (4). ADP-ribosylation of the 
Gsa subunit of adenylate cyclase results in abnormally high levels 
of intracellular cAMP (3, 5), and subsequent chloride ion efflux 

10 into the lumen of the gut that is ultimately responsible for the 
characteristic watery diarrhea. 

Due to the toxic nature of the holotoxins, many 
investigators have tried to dissociate the toxicity associated with 
the Al-subunit from the adjuvanticity of the AB 5 complex, and 

15 have attempted to address the immunostimulatory effects of B 5 
subunit receptor-mediated interactions. Earlier studies using 
commercial CTB preparations contaminated with intact CT made 
it impossible to distinguish between the adjuvanticity associated 
with ADP-ribosyltransf erase activity and the binding properties of 

20 the AB 5 complex. This issue was further complicated by the 
synergistic effect of holotoxin on the adjuvanticity of the B 
subunit (6, 7). Experiments using a type I LT B subunit (LT-I B) 
mutant that lacks GM1 -binding demonstrated that both 
immunogenicity and adjuvanticity were dependent upon receptor 

25 binding (8). Moreover, it has been demonstrated that 
upregulation of the co-stimulatory molecules, B7-1 and B7-2, on 
antigen-presenting cells (APC) by LT-I B or non-toxic derivatives 
of CT was abrogated when GM1 binding was blocked (9, 10). 
These studies demonstrate that GM1-B 5 subunit interactions are 
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necessary for the adjuvanticity associated with LT-I B or CT. 
However, LT-I and the type II HUE bind a broader range of 
gangliosides than CT, and it is not known whether these add to or 
substitute for GM1 binding in the immunostimulatory properties 
5 displayed by these molecules. 

Two types of heat-labile enterotoxin have been 
distinguished on the basis of distinct immunoreactivity (11, 12): 
type I heat-labile enterotoxins are represented by CT and LT-I 
(12, 13); type II heat-labile enterotoxins include & coli LT-IIa and 

10 LT-IIb (14-17). Comparison of the predicted amino acid 
sequences reveals considerable variability between type I and 
type II enterotoxins (11, 12, 18, 19). This extensive diversity 
imparts different ganglioside-binding properties to the respective 
B subunits. The cellular receptor for CT has been shown to be 

15 the monosialoganglioside GM1 (20). The B subunit of LT-IIa 
binds with high affinity to GDlb and less strongly to GM1, GTlb, 
GDlb, GD2, GDI a and GM2. LT-IIb binds with high affinity to 
GDI a (20). 

It has recently been shown that the type II heat-labile 
20 enterotoxins can serve as mucosal adjuvants that enhance Ab 
responses to a co-administered protein antigen (Ag) given by the 
intranasal (i.n.) route (21). However, it is not clear if the 
different response patterns observed were related to the more 
promiscuous binding activities of the B subunits of the LT-1I 
25 toxins, compared to CT. In addition to an adjuvant effect for co- 
administered Ag, heat-labile enterotoxins are themselves 
excellent mucosal immunogens and elicit strong secretory IgA 
and circulating IgG Ab responses. This property has been 
exploited in the construction of potent mucosal immunogens by 
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coupling protein Ags to the non- toxic B subunit of CT (22-24). 
Initially, proteins were coupled to CTB by chemical conjugation, 
but later a genetic strategy for fusing an antigenic polypeptide to 
the A2 subunit of CT and co-expressing this with CTB was 
5 devised, yielding a chimeric immunogen in the form of Ag- 
CTA2/B (24, 25). Given that LT-H and CT have distinct 
ganglioside-binding specificity and somewhat different adjuvant 
activity, it is postulated that a chimeric protein consisting of Ag- 
LT-IIA2/B would have advantageous immunogenic properties 

10 compared to those of a chimeric protein consisting of Ag- 
CTA2/B. Therefore, the purpose of the present study was to 
compare the mucosal immunogenicity of chimeric proteins 
composed of the same protein Ag genetically coupled in an 
identical manner to the A2/B subunits of CT or LT-EL Possible 

15 mechanisms that might account for differences in their 
immunogenic properties were also explored. 

The prior art is deficient in an effective means of 
enhancing immune responses by chimeric antigen-enterotoxin 
mucosal immunogens. The present invention fulfills this long- 

20 standing need and desire in the art. 



SUMMARY OF THE INVENTION 

25 The present invention compares the ability of the 

non-toxic A2/B subunits of cholera toxin or the Escherichia coli 
heat-labile type II toxins (LT-II) to augment the immunogenicity 
of a genetically coupled protein antigen administered by a 
mucosal route. The enzymatically active Al subunits of cholera 
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toxin (CT), LT-IIa or LT-IIb were replaced with the saliva-binding 
region (SBR) from the streptococcal adhesin AgUH. Intranasal 
immunization of BALB/c mice with the chimeric proteins induced 
significantly higher plasma and mucosal anti-SBR IgA and IgG 
5 antibody (Ab) responses. Moreover, SBR-CTA2/B strongly up- 
regulated B7-2 but not B7-1 expression. SBR-CTA2/B-treated B 
cells enhanced the proliferation of anti-CD3-stimulated CD4 + T 
cells, and this proliferation was reduced by treatment with anti- 
B7-2 but not with anti-B7-l or an isotype-control Ab. Thus, SBR- 

10 CTA2/B enhances antibody responses and induces differential 
expression of B7-2 that has co-stimulatory effects on T cells. 

Induction of systemic and mucosal immune responses 
by CT and type II HLT was related to induction of distinct 
cytokine secretion profiles. These mucosal adjuvants were found 

15 to differentially induce cytokine production in anti-CD3-activated 
human peripheral blood mononuclear cells (PBMC). CT 
suppressed IL-2, TNF-a, and IL-12 production by PBMC cultures 
more than either LT-IIa or LT-IIb. CT, but not LT-IIa or LT-IIb, also 
significantly reduced the expression of CD40L on CD4 + T cells. In 

20 a co-culture system, CT- treated CD4 + T cells induced significantly 
less TNF-a and IL-12 p70 production by both autologous 
monocytes and monocyte-derived dendritic cells compared to LT- 
IIa- or LT-IIb-treated CD4 + T cells. These findings thus 
demonstrate CT, LT-IIa, and LT-IIb differentially affect CD40- 

25 CD40L interactions between antigen-presenting cells and T cells, 
resulting in distinct cytokine profiles observed when type I and 
type II heat labile enterotoxins are used as mucosal adjuvants. 

The present invention is directed to a method of 
inducing an immune response by administration of a 
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recombinant immunogen expressed from a plasmid which 
comprises DNA sequence encoding a fusion protein of an antigen 
of interest fused in frame to the A2 subunit of a type II heat- 
labile enterotoxin. In one embodiment, the plasmid comprises 
5 salivary binding protein (SBR) from Streptococcus mutans 
surface protein (Agl/II) fused to the A2 subunit of K. coli heat- 
labile type Ila or type lib toxin. The immunogen may be 
administered orally, intranasally, intrarectally, intravaginally, 
intramuscularly, or subcutaneously. In one aspect, the immune 

10 response results in the production of antibodies to the protein 
antigen sequence in saliva, intestinal secretions, respiratory 
secretions, genital secretions, tears, milk or blood. In another 
aspect, the immune response is development of antigen-specific 
T cells in the circulation and tissues, development of cytotoxic T 

15 cells or immunological tolerance to the protein antigen sequence. 

The present invention is also directed to a method of 
inducing a B7-dependent immune response by administration of 
a recombinant immunogen expressed from a plasmid which 
comprises DNA sequence encoding a fusion protein of an antigen 

20 of interest fused in frame to the A2 subunit of cholera toxin. In 
one embodiment, the plasmid comprises salivary binding protein 
(SBR) from Streptococcus mutans surface protein (Agl/II) fused 
to the A2 subunit of cholera toxin. The immunogen may be 
administered orally, intranasally, intrarectally, intravaginally, 

25 intramuscularly, or subcutaneously. The B7-dependent immune 
response is induction of B7-2 expression on B cells or antigen 
presenting cells, B7-2-mediated co-stimulation of T cell 
proliferation, enhanced IgGl secretion or induction of Th2 
immune responses. In one aspect, the immune response results 
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in the production of antibodies to the protein antigen sequence 
in saliva, intestinal secretions, respiratory secretions, genital 
secretions, tears, milk or blood. In another aspect, the immune 
response is development of antigen- specific T cells in the 
5 circulation and tissues, development of cytotoxic T cells or 
immunological tolerance to the protein antigen sequence. 

The present invention is also directed to methods of 
reducing CD40L expression on CD4 + T cells, inhibiting TNF-a and 
EL-12 secretion from human PBMC or increasing cell-mediated 

10 immunity by administration of a recombinant immunogen 
expressed from a plasmid which comprises DNA sequence 
encoding a fusion protein of an antigen of interest fused in frame 
to the A2 subunit of cholera toxin or type II heat labile toxins. 

Other and further aspects, features, and advantages of 

15 the present invention will be apparent from the following 
description of the presently preferred embodiments of the 
invention. These embodiments are given for the purpose of 
disclosure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

20 

So that the matter in which the above-recited 
features, advantages and objects of the invention, as well as 
others which will become clear, are attained and can be 
understood in detail, more particular descriptions of the 
25 invention briefly summarized above may be had by reference to 
certain embodiments thereof which are illustrated in the 
appended drawings. These drawings form a part of the 
specification. It is to be noted, however, that the appended 
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drawings illustrate preferred embodiments of the invention and 
therefore are not to be considered limiting in their scope. 

Figure 1 shows the purification of recombinant 
mucosal immunogens. Figure 1A shows SDS-PAGE of purified 
5 SBR-CTA2/B (lane 1) and SBR-LT-IIaA2/B (lane 2) dissociated into 
the SBR-A2 subunit (-60 kDa) and B subunit monomers (-12.5 
kDa). Figure IB shows Western blot of recombinant SBR- 
CTA2/B (lane 1) and SBR-LT-IIaA2/B (lane 2) probed with 
polyclonal anti-SBR Abs, and of SBR-CTA2/B (lane 3) and SBR-LT- 

10 HaA2/B (lane 4) using polyclonal Abs to CT or LT-IIa, 
respectively. The positions of the molecular mass markers 
(kilodaltons) are indicated. Figure 1C shows titration of 
purified SBR-LT-IIaA2/B in a GDl-b-ELISA using polyclonal Abs to 
SBR and LT-IIa antigenic determinants. Each point represents the 

15 mean OD of triplicate values. 

Figure 2 shows IgA antibody production stimulated 
by recombinant mucosal immunogens. Figure 2A shows 
salivary IgA responses to SBR after i.n. immunization of mice with 
SBR alone, SBR-CTA2/B, or SBR-LT-IIaA2/B. Figure 2B shows 

20 vaginal IgA responses to SBR after i.n. immunization of mice with 
SBR alone, SBR-CTA2/B, or SBR-LT-IIaA2/B. Results are the 
arithmetic means ± SD of 8 mice per group. In A, * and ** 
indicate statistically significant differences at p < 0.05 and p < 
0.01, respectively, compared to SBR-LT-IIaA2/B. 

25 Figure 3 shows plasma antibody responses 

stimulated by recombinant mucosal immunogens. Figure 3 A 
shows plasma IgA antibody responses to SBR from mice 
immunized by the i.n. route with SBR alone, SBR-CTA2/B, or SBR- 
LT-IIaA2/B. Figure 3B shows plasma IgG antibody responses to 

8 

BNSDOCID: <WO 0174383A1 J_> 



WO 01/74383 PCTYUS01/10695 

SBR from mice immunized by the i.n. route with SBR alone, SBR- 
CTA2/B, or SBR-LT-IIaA2/B. Figure 3C shows plasma IgG 
subclass antibody responses (day 42) to SBR from mice 
immunized by the i.n. route with SBR alone, SBR-CTA2/B, or SBR- 
5 LT-IIaA2/B. Data represent the arithmetic means ± SD of 8 mice 
per group. ^indicates statistically significant differences at p < 

0. 05 compared to SBR-LT-IIaA2/B. 

Figure 4 shows antibody responses to the toxin 
components of the recombinant mucosal immunogens. Figure 

10 4A shows salivary IgA responses to CT or LT-IIa in mice 
immunized by the i.n. route with SBR-CTA2/B or SBR-LT-IIaA2/B, 
respectively. Figure 4B shows vaginal IgA responses to CT or LT- 
IIa in mice immunized by the i.n. route with SBR-CTA2/B or SBR- 
LT-IIaA2/B, respectively. Figure 4C shows plasma IgA responses 

15 to CT or LT-IIa in mice immunized by the i.n. route with SBR- 
CTA2/B or SBR-LT-IIaA2/B, respectively. Figure 4D shows 
plasma IgG responses to CT or LT-IIa in mice immunized by the 

1. n. route with SBR-CTA2/B or SBR-LT-IIaA2/B, respectively. Data 
represent the arithmetic means ± SD of 8 mice per group. * and 

20 *** indicate statistical significance at p < 0.05 and p < 0.001, 
respectively. 

Figure 5 shows B7-dependent co-stimulation of T 
cells by the recombinant mucosal immunogens. Figure 5 A 
shows dose-response effect of SBR-CTA2/B and SBR-LT-HaA2/B 
25 on B7-1 and B7-2 expression by B220 + B cells. B220 + B cells were 
incubated for 20 h with various concentrations of chimeric 
protein and then costained with anti-B7-l and anti-B7-2. Figure 
5B shows proliferative responses of CD4 + T cells in the presence 
of anti-CD3 stimulation and B220 + cells that were unstimulated 
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or treated with SBR-CTA2/B or SBR-LT-IIaA2/B in the absence or 
presence of inhibitory Abs to B7-1 or B7-2. * and ** indicate 
statistically significant differences at p < 0.05, compared to no 
inhibitory Ab or SBR-LT-IIaA2/B, respectively. Results shown are 
5 expressed as the arithmetic mean ± SD of triplicate cultures. 

Figure 6 shows cytokine production by human PBMC 
cultured with 1 jxg/ml of soluble anti-CD3 in the presence or 
absence of varying concentrations of CT, LT-IIa, or LT-IIb. After 
48 to 72 h, cell-free supernatants were analyzed for cytokine 

10 concentrations: IL-4 (Figure 6 A), IL-10 (Figure 6B), EL-2 
(Figure 6C), TNF-a (Figure 6D) and IL-12 p70 (Figure 6E), 
The data represents the mean ± SD of cultures derived from 4 
donors. * indicates statistically significant differences at p < 0.05 
comparing CT- to LT-IIa- or LT-IIb-treated cultures. 

15 Figure 7 shows expression of CD40L on CD4 + T cells. 

CD4 + T cells were cultured with or without 100 ng/ml of CT, LT- 
IIa, or LT-IIb in the presence of plate-bound anti-CD3 (5 ^ig/ml). 
CD40L expression on non-stimulated CD4+ T cells was less than 
2.4% at all time points tested (data not shown). Data represent 

20 the mean ± SD of cultures derived from 4 donors. * indicates 
statistically significant differences at p < 0.05 compared to anti- 
CD3 treated CD4 + T cells. 

Figure 8 shows production of IL-12 from monocytes 
(Figure 8A) or monocyte-derived dendritic cells (Figure 8B), or 

25 TNF-a production from monocytes (Figure 8C) or monocyte- 
derived dendritic cells (Figure 8D) co-cultured for 48h with 
paraformaldehyde-fixed CD4 + T cells that were previously 
activated by plate-bound anti-CD3 in the presence or absence of 
CT, LT-IIa, or LT-IIb. Cultures were also performed in the 

10 
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presence of anti-CD40L Ab or an isotype matched control Ab 
(IC). Data represents the arithmetic mean ± SD of cultures 
derived from 4 donors. * indicates significant differences at p < 
0.05 compared to anti-CD3 treated CD4 + T cells. 

5 

DETAILED DESCRIPTION OF THE INVENTION 

The following abbreviations may be used herein: CT: 

10 cholera toxin; CTA2/B: cholera toxin subunits A2/B; CTB: cholera 
toxin subunit B; i.n.: intranasal; LT-IIa: R coli heat labile type Ila 
toxin; LT-HaA2/B: heat labile type Ha toxin subunits A2/B; LT-IIb: 
E. coli heat labile type lib toxin. 

As used herein, the term "fusion protein" refers to a 

15 single contiguous protein produced by the expression of DNA 
sequences for one protein fused to DNA sequences encoding a 
different protein. 

The ADP-ribosylating enterotoxins, cholera toxin (CT) 
and the Escherichia coli heat-labile type Ha toxin (LT-IIa), have 

20 been shown to enhance mucosal and systemic antibody (Ab) 
responses to co-administered antigens. In one aspect of the 
present invention, the abilities of the non-toxic A2/B subunits of 
these toxins to augment the immunogenicity of a genetically 
coupled protein antigen administered by a mucosal route were 

25 compared. Structurally similar chimeric proteins were generated 
by genetically replacing the enzymatically active Al subunit of CT 
or LT-IIa with the saliva-binding region (SBR) from the 
streptococcal adhesin Agl/II. Intranasal immunization of BALB/c 
mice with either chimeric protein induced significantly higher 
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plasma and mucosal anti-SBR IgA and IgG antibody (Ab) 
responses than SBR alone. Moreover, in comparison to SBR-LT- 
IIaA2/B, SBR-CTA2/B elicited significantly higher levels of plasma 
IgG (especially IgGl) and salivary IgA anti-SBR Ab responses. A 
5 functional mechanism for the observed differences in 
immunogenicity was due to differential effects of both chimeric 
proteins on the expression and co-stimulatory activity of B7-1 
and B7-2 on murine splenic B cells. SBR-CTA2/B strongly up- 
regulated B7-2 but not B7-1 expression, whereas SBR-LT-IIaA2/B 

10 had only a minor effect on B7-1 and B7-2 expression. SBR- 
CTA2/B -treated B cells enhanced the proliferation of anti-CD3- 
stimulated CD4 + T cells, and this proliferation was reduced by 
treatment with anti-B7-2 but not with anti-B7-l or an isotype- 
control Ab. Thus, SBR-CTA2/B and SBR-LT-IIaA2/B exhibit 

15 distinct patterns of antibody responses associated with 
differential effects on B7-2 expression and subsequent co- 
stimulatory effects on T cells. 

In another aspect of the present invention, CT and the 
type II HLT were found to differentially affect cytokine 

20 production by anti-CD3 human peripheral blood mononuclear 
cells (PBMC), and the cellular mechanisms responsible were 
investigated. CT suppressed IL-2, TNF-a, and IL-12 production by 
PBMC cultures more than either LT-IIa or LT-IIb. CT, but not LT- 
Ila or LT-IIb, reduced the expression of CD4 + T cell surface 

25 activation markers (CD25 and CD69) and subsequent 
proliferative responses of anti-CD3 stimulated T cells. CT, but 
not LT-IIa or LT-IIb, significantly reduced the expression of CD40L 
on CD4 + T cells. In a co-culture system, CT-treated CD4+ T cells 
induced significantly less TNF-a and DL-12 p70 production by 
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both autologous monocytes and monocyte-derived dendritic cells 
compared to LT-IIa- or LT-IIb-treated CD4 + T cells. These findings 
demonstrate that CT, LT-IIa, and LT-IIb differentially affect CD40- 
CD40L interactions between antigen-presenting cells and T cells 
5 and help explain the distinct cytokine profiles observed with type 
I and type II HLT when used as mucosal adjuvants. 

In the present invention, there is provided a 
composition of matter comprising a plasmid for use as a mucosal 
immunogen. This recombinant plasmid expresses a chimeric 

10 protein which is a primary immunogen that induces differential 
immune responses. There are many potential uses in mucosal 
vaccine development. The basic method is amenable to almost 
any other protein antigen that can be cloned and inserted into 
the construct instead of SBR. Various applications of the present 

15 invention can be incorporated into commercial products, i.e., 
vaccines for the generation of immune responses that would 
afford protection against infections, or various modifications of 
the immune response. These are based on the use of chimeric 
proteins of A2/B subunits of enterotoxins that include protein 

20 segments from a variety of microorganisms intended for 
administration orally or intranasally, or possibly by other 
mucosal routes (e.g., rectally or intra- vaginally). 

For example, one may prepare vaccines to generate 
immunity to the organisms responsible for dental caries, i.e., the 

25 mutans streptococci {Streptococcus mutans and Streptococcus 
sobrinus). This is based on the saliva-binding region of 5. mutans 
Agl/ll as described above. Furthermore, one may prepare 
vaccines against Streptococcus pyogenes (strep, throat and its 
sequelae including acute rheumatic fever and acute 
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glomerulonephritis, scarlatina, streptococcal toxic shock, and 
other infections); prepare vaccines against Streptococcus 
pneumoniae (pneumococcal pneumonia, otitis media, meningitis) 
using sequences from pneumococal surface proten A (PspA); 
5 vaccines against Neisseria meningitidis (meningococcal 
meningitis, otitis media) using neisserial surface protein A (NspA- 
men); vaccines against Neisseria gonorrhoeae (gonorrhea) using 
neisserial surface protein A (NspA-gon); vaccines against 
Streptococcus pneumoniae (pneumococcal pneumonia, otitis 

10 media, meningitis) using other pneumococcal protein antigen; 
vaccines against Streptococcus equi ("strangles" in horses) using 
a Streptococcus equi surface protein; vaccines against influenza 
virus, Helicobacter pylori (gastric ulcer) and respiratory 
pathogens such as Pseudomonas aeruginosa; contraceptive 

15 vaccines using zona pellucida antigens; vaccine against 
respiratory syncytial virus; vaccines against mycoplasma 
infections; vaccines against Staphylococcus aureus protein A and 
generation of oral tolerance to auto-antigens (auto-immune 
conditions). 

20 In yet another embodiment, the vaccine construction 

technology of the present invention can be used to generate 
immunity mediated by so-called cytotoxic T cells instead of 
antibodies. This methodology would have applications especially 
against viral infections. 

25 The present invention is directed to a method of 

inducing an immune response by administration of a 
recombinant immunogen expressed from a plasmid which 
comprises, in operable linkage: a) an origin of replication; b) a 
promoter; c) DNA sequence encoding a fusion protein of an 
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antigen of interest fused in frame to the A2 subunit of a type II 
heat-labile enterotoxin; and d) DNA sequence encoding subunit B 
of type II heat-labile enterotoxin for coexpression with the fusion 
protein of said antigen of interest to facilitate assembly of a 
5 chimeric protein. In one embodiment, the plasmid comprises 
salivary binding protein (SBR) from Streptococcus mutatis 
surface protein (Agl/II) fused to the A2 subunit of E. coli heat- 
labile type Ila or type lib toxin. One such preferred plasmid is 
designated pVAR9. The immunogen may be administered orally, 

1 0 intranasally, intrarectally, intravaginally, intramuscularly, o r 
subcutaneously. In one aspect, the immune response results in 
the production of antibodies to the protein antigen sequence in 
saliva, intestinal secretions, respiratory secretions, genital 
secretions, tears, milk or blood. In another aspect, the immune 

15 response is the development of antigen-specific T cells in the 
circulation and tissues, the development of cytotoxic T cells or 
immunological tolerance to the protein antigen sequence. 

The present invention is also directed to a method of 
inducing a B7-dependent immune response by administration of 

20 a recombinant immunogen expressed from a plasmid which 
comprises, in operable linkage: a) an origin of replication; b) a 
promoter; c) DNA sequence encoding a fusion protein of an 
antigen of interest fused in frame to the A2 subunit of cholera 
toxin; and d) DNA sequence encoding subunit B of cholera toxin 

25 for coexpression with the fusion protein of said antigen of 
interest to facilitate assembly of a chimeric protein. In one 
embodiment, the plasmid comprises salivary binding protein 
(SBR) from Streptococcus mutatis surface protein (Agl/II) fused 
to the A2 subunit of cholera toxin. The immunogen may be 
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administered orally, intranasally, intrarectally, intravaginally, 
intramuscularly, or subcutaneously. The B7-dependent immune 
response is the induction of B7-2 expression on B cells or antigen 
presenting cells, B7-2-mediated co-stimulation of T cell 
5 proliferation, enhanced IgGl secretion or induction of Th2 
immune responses. In one aspect, the immune response results 
in the production of antibodies to the protein antigen sequence 
in saliva, intestinal secretions, respiratory secretions, genital 
secretions, tears, milk or blood. In another aspect, the immune 

10 response is the development of antigen-specific T cells in the 
circulation and tissues, the development of cytotoxic T cells or 
immunological tolerance to the protein antigen sequence. 

The present invention is further directed to methods 
of reducing CD40L expression on CD4+ T cells, inhibiting TNF-a 

15 and EL-12 secretion in an individual or increasing Thl response 
and cell-mediated immunity by administration of a recombinant 
immunogen expressed from a plasmid which comprises DNA 
sequence encoding a fusion protein of an antigen of interest 
fused in frame to the A2 subunit of cholera toxin or type II heat 

20 labile toxins. In general, the TNF-a or IL-12 is secreted from 
human PBMC, monocytes or monocyte-derived dendritic cells. 

The following examples are given for the purpose of 
illustrating various embodiments of the invention and are not 
meant to limit the present invention in any fashion. 



25 



EXAMPLE 1 

Plasmid construct 

The recombinant plasmid encoding the SBR-LT-IIa 
A2/B hybrid protein was constructed in two steps. The first step 
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involved engineering an intermediate plasmid designated 
pSBR/KS-K The plasmid pSBR-CTA2/B (24) was digested with 
Xbal and Xhol to release a 1.2 kb fragment containing the SBR 
gene, a PelB leader sequence and a ribosomal-binding site. The 
5 1.2 kb fragment, and all other fragments used in engineering the 
chimera, were isolated using agarose gel electrophoresis and a 
Gene Clean Kit (BiolOl, Inc., Vista, CA), ligated into 
pBluescriptKS+ (Stratagene, La Jolla, CA) which had also been 
digested with Xbal and Xhol, and transformed into E. coli DH5aF' 

10 tet cells (Life Technologies, Bethesda, MD) using osmotic shock. 

In the second step, the polymerase chain reaction was 
used to amplify a fragment encoding the LT-IIa A2 domain and 
the B polypeptide from pTDC200, a plasmid which contained the 
genes encoding the type II HLT LT-IIa holotoxin (26, 27). The 

15 oligonucleotide primers Blue-619 (5 f - 

GTAAAACGACGGCCAGTGAG-3') (SEQ ID No. 1) and Xho-I 
(5*GTAACCTCGAGGCCTGGAGAG-3') (SEQ ID No. 2) and a Perkin 
Elmer DNA Thermal Cycler Model 480 were used to amplify a 
1025 bp fragment from pTDC200 (PCR conditions: denaturation 

20 at 92°C for 30 sec, annealing at 52°C for 60 sec, extension at 72°C 
for 60 sec, 30 cycles). The amplified fragment was digested with 
Smal which cleaved at a site located 3' to the terminus of the B 
polypeptide gene and with Xhol which was incorporated into the 
fragment using PCR primer Xho-l. This fragment was ligated into 

25 pSBR/KS*f that had been sequentially digested with Kpril, blunt- 
ended using Klenow, arid digested with Xhol. Sites and 
oligonucleotides were chosen such that ligation of the fragments 
would place the SBR gene and the LT-IIa A2 sequences in the same 
reading frame. After transformation of the ligation mix into K 
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coli DH5ocF' tet, a clone containing a plasmid encoding the SBR- 
LT-IIa A2/B chimera was isolated and verified by genetic 
sequencing. This plasmid was designated pVAR9. Since the 
chimeric gene was oriented into the vector such that expression 
5 depended upon the T7 promoter, pVAR9 was subsequently 
transformed into E. coli BL21 (DE3) which encodes an isopropyl- 
p-D-thiogalactoside (IPTG)-inducible T7 polymerase from a 
lysogenized prophage. A modified GDlb-ganglioside HI ISA (27) 
and anti-SBR antiserum were used to demonstrate that the 
10 plasmid not only expressed the SBR-LT-IIaA2 and LT-IIa B 
polypeptides, but that the polypeptides assembled into the 
expected chimeric holotoxin and retained ganglioside binding 
activity (24). 

EXAMPLE 2 

Purification o f recombinant proteins 

Growth of E. coli and purification of recombinant SBR- 
CTA2/B were performed as previously described (24). To isolate 
SBR-LT-IIaA2/B, the E. coli strain expressing plasmid pVar9 was 
grown at 37°C with vigorous shaking (225 rpm) in Luria-Bertani 
broth supplemented with ampicillin (150 jxg/ml) and tetracycline 
(10 ^tg/ml). Target gene expression was induced at mid-log 
phase (OD ~ 0.4) by the addition of DPTG to 1 mM. Growth was 
terminated 12 to 16 hr after induction and cells were harvested 
by centrifugation. The bacterial pellet was re-suspended to 1/10 
the original culture volume in ice-cold 100 mM Tris-HCl, pH 8.0, 
containing 20% sucrose, 5 mM EDTA, and 0.5 mg/ml lysozyme to 
release the periplasm contents. After 30 min incubation at 4°C, 
the supernatant was harvested by centrifugation and subjected to 
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50% ammonium sulfate saturation- The subsequent precipitate 
was obtained by centrifugation and resuspended in 10 mM Tris- 
HC1, pH 8.0, containing 0.3 M NaCL In order to separate properly 
assembled SBR-LT-IIaA2/B from unassembled SBR-A2 and B 
5 subunits, the dissolved precipitate was subjected to gel-filtration 
using a Sephacryl-100 (Pharmacia), Eluted fractions possessing 
anti-SBR reactivity in a GDlb-ELISA were then pooled and loaded 
onto an anion-exchange Mono Q column (Pharmacia). The 
fractions containing purified SBR-LT-IIaA2/B were determined by 

10 SDS-PAGE, Western blot and a GDlb-ELISA (27). Recombinant 
proteins were analyzed for endotoxin content by means of a 
Quantitative Chromagenic Limulus Amebocyte Lysate assay kit 
(Bio Whittaker, inc., Walkersville, MD) using an E. coli K235 
lipopolysaccharide standard. The endotoxin content for either 

15 recombinant protein was less than 0.5 ng of LPS per jxg of purified 
chimeric protein. 



KXATVTPT,K3 

Animals and Immunizations 

20 Female BALB/c mice, 8 to 12 weeks of age, were 

immunized by the i.n. route. Groups of 6-8 mice were 
immunized four times at 7 day intervals (i.e., 0, 7, 14, and on day 
21) with PBS, 50 fig SBR-CTA2/B, 50 \ig SBR-LT-HaA2/B, or an 
equimolar amount (20 p,g) of SBR alone. The vaccines were 

25 administered in a standardized volume of 20 jxl, applied slowly to 
both external nares of non- anaesthetized mice. All animal 
experiments were approved by the Institutional Animal Care and 
Use Committee at the University of Alabama at Birmingham. 
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EXAMPLE 4 

Poll action of mucosal secretions an d plasma 

Samples of plasma, saliva and vaginal washes were 
collected from individual mice 1 day before the first 
5 immunization (day 0), and on days 8, 18, 28, 42 and 70, Saliva 
was collected with a micropipetter after stimulation of salivary 
flow by injecting each mouse intraperitoneal^ (i.p.) with 5 jig of 
carbachol (Sigma Chemical Company, St. Louis, Missouri) in 0.1 
ml PBS. Plasma samples were obtained following centrifugation 

10 of blood collected from the tail vein using a calibrated 
heparinized capillary tube. Vaginal washes were collected by 
flushing the vaginal vault two times with 75 julI of sterile 
phosphate-buffered saline (PBS). Mucosal secretions and plasma 
samples were stored at -70° and -20°C, respectively, until assayed 

15 for antibody activity. 

EXAMPLE 5 

Antibody analysis 

The levels of isotype-specific antibodies in saliva, 

20 plasma and vaginal washes were assayed by ELISA. Polystyrene 
microti ter plates (96- well; Nunc, Roskilde, Denmark) were 
coated overnight at 4°C with 5 ^ig/ml of SBR, 2 ^ig/ml of GDlb, or 
1 ^ig/ml of GM1 (Matreya, Pleasant Gap, PA). GM1- and GD lb- 
treated plates were washed and incubated with CT (1 |j,g/ml) or 

25 LT-IIa (2 jxg/ml), respectively, for 30 min at 37° C. Total Ig 
isotype concentrations were determined by coating plates with 
goat anti-mouse Ig isotype-specific antibodies (Southern 
Biotechnology Associates, Birmingham, Alabama). Serial two- 
fold dilutions of plasma or secretion samples were added in 
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duplicate and plates were incubated overnight at 4°C. Plates were 
then washed with PBS containing 0.1% Tween (PBS-Tw) and 
incubated at room temperature with the appropriate peroxidase- 
conjugated goat anti-mouse Ig isotype- specific reagent (Southern 
5 Biotechnology). Plates were washed and developed with o- 
phenylenediamine and hydrogen peroxide. Color reaction was 
stopped after 15 min and optical density measured at 490 nm. 
The levels of antibodies and of total Ig in samples were calculated 
by interpolation on calibration curves generated by using a 
10 mouse Ig reference serum (ICN Biomedicals, Aurora, Ohio). In 
order to compensate for variations arising from salivary flow rate 
and dilutions of secretions, mucosal IgA responses are reported 
as the level of specific antibody IgA / total IgA. 

15 EXAMPLE 6 

Purification of B22Q1 B and CD4+ T cells 

Splenic CD4 + T cells were purified by use of 
magnetized polystyrene beads (Dynabeads) coated with a rat 
mAb specific for the CD4 (L3T4) membrane Ag (Dynal A.S., Oslo, 

20 Norway). Briefly, a single cell suspension of splenocytes was 
incubated at 4°C for 20 min in the presence of mouse CD4 
Dynabeads. CD4 + T cells were then positively selected with the 
aid of a Dynal magnetic particle concentrator. CD4 + T cells were 
then washed three times in PBS containing 1% fetal calf serum 

25 (FCS) and 2 mM EDTA. Isolated CD4 + T cells were then detached 
from L3T4 Dynabeads using a DETACHaBEAD Mouse CD4 Ag 
(Dynal A.S., Oslo, Norway). Cells were then washed three times 
and resuspended in complete medium [RPMI 1640; (Cellgro 
Mediatech, Washington DC) containing 10% FCS, 40 jxm 2- 
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mercaptoethanol, 1% L-glutamine, 10 mM HEPES, 10 U/ml 
penicillin, 100 |ig/ml streptomycin, and 50 fig/ml gentamycin] 
before use. This procedure routinely resulted in > 99% pure 
CD4 + T cells as shown by flow cytometry. 
5 B220 + B cells were isolated from the CD4 + depleted 

splenocyte population by use of a depletion column using CD43 
MicroBeads (Miltenyi Biotec, Sunnyvale, CA). CD43 MicroBeads 
were incubated with the cell suspension for 15 min at 6°C in PBS 
containing 0.5% BSA and 2 mM EDTA. The cell suspension was 

10 then washed by adding a 20-fold excess of PBS containing 0.5% 
BSA and 2 mM EDTA. After centrifugation, cells were 
resuspended in 1 ml PBS-0.5% BSA and added to the magnetic 
depletion column. CD43* B cells were eluted with 15 ml of PBS 
containing 0.5% BSA and 2 mM EDTA. Cells were then washed 

15 twice and resuspended in complete medium before use. This 
procedure routinely yielded > pure 99% B220 + cells as shown by 
flow cytometry. 

EYAMPT E 7 

20 Cell staining and proliferation assay 

To examine the effects of SBR, SBR-CTA2/B, SBR-LT- 
IIaA2/B, rLT-IIa B and rCTB on co-stimulatory molecule 
upregulation by B cells, B220 + B cells (1 x 10 6 cells/ml) were 
incubated with various concentrations of recombinant proteins. 

25 In order to assess the effects of ganglioside binding, SBR-CTA2/B 
or SBR-LT-IIaA2/B, were first blocked by incubating with a 20:1 
molar ratio of GM1 or GDlb, respectively, (Matreya, Pleasant 
Gap, PA) for 1 h at 37°C and then added to B220 + cell cultures. 
Following a 20 h incubation, B cells were incubated for 15 min in 
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PBS containing 0.1% sodium azide and 3% FCS and washed 
extensively. B cells were then co-stained with fluorescein 
isothiocyanate (FITC)-conjugated anti-B7-2 or phycoerythrin (PE)- 
conjugated anti-B7-l (Pharmingen). Fluorochrome-labelled cells 
5 were analyzed by flow cytometry using a FACStar flow cytometer 
(Becton Dickinson, Mountain View, CA). 

To assess the co-stimulatory function of B7-1 and B7- 
2 upregulation, B cells were treated with SBR-CTA2/B, SBR-LT- 
IXaA2/B, or media alone for 20 h, washed in ice-cold PBS, and 

10 fixed in 0.5% paraformaldehyde. CD4 + T cells (2 x 10 6 cells/ml) 
were cultured in complete medium containing 0.5% 
paraformaldehyde fixed B cells (1 x 10 6 cells/ml) in the presence 
of 100 ng/ml of anti-CD3 Ab for 5 days. Approximately 18 h 
before harvesting, the cells were pulsed with 0.5 \iCi of [ 3 H]- 

15 thymidine, and [ 3 H] -thymidine uptake was determined by using a 
liquid scintillation counter. 



EXAMPLE 8 

Characterization of the expressed chimeric protein SBR-LT- 
20 TTaA2/B 

Periplasmic fractions of E. coli expressing SBR-LT- 
IIaA2/B were purified by gel filtration and anion-exchange 
chromatography. Eluted fractions were monitored by GDlb-ELISA 
and SDS-PAGE. As shown by SDS-PAGE and Western blot, SBR-LT- 
25 IIaA2/B was purified to homogeneity and contained both 
antigenic determinants, SBR and LT-IIa (Fig. 1A and B). 
Furthermore, purified SBR-LT-IIaA2/B was shown to bind GD lb- 
coated plates and contained both SBR and LT-IIa epitopes, 
indicating successful assembly of an intact chimeric protein that 
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possessed ganglioside binding (Fig. 1C). These results, along with 
the nature of the genetic construction of the chimeric protein 
indicate that SBR-LT-IIaA2/B is structurally similar to the SBR- 
CTA2/B chimeric protein (24) in possessing equimolar ratios of 
5 SBR and A2/B 5 subunits. 

EXAMPL E 9 

Antibody responses to vSTSR in mucosal secretions 

In order to compare the mucosal immunogenicity of 

10 SBR, SBR-CTA2/B and SBR-LT-IIaA2/B, groups of mice were 
immunized by the i.n. route with equimolar amounts of each 
immunogen and saliva and vaginal wash samples were analyzed 
for IgA anti-SBR activity. Both chimeric proteins induced SBR- 
specific IgA in saliva that persisted at greater than 1% of total 

1 5 salivary IgA through day 70 (Fig. 2A). SBR-CTA2/B and SBR-LT- 
IIaA2/B induced maximal levels of salivary IgA anti-SBR Abs on 
day 28, which reached almost 4% and 2% of total salivary IgA, 
respectively (Fig. 2A). On days 28 through 70, mice immunized 
with SBR-CTA2/B had significantly higher levels (P < 0.05) of SBR- 

20 specific IgA in the saliva than mice immunized with SBR-LT- 
HaA2/B (Fig. 2A). Vaginal IgA anti-SBR Ab responses were 
detected on day 18 in mice immunized with SBR-CTA2/B or SBR- 
LT-IIaA2/B and persisted at high levels through day 70 (Fig. 2B). 
Peak vaginal anti-SBR IgA (3.6%) levels in SBR-CTA2/B mice 

25 occurred on day 42, while peak responses in mice immunized 
with SBR-LT-IIaA2/B (-3%) occurred on day 70. Mice immunized 
with SBR alone had low to non-detectable levels of SBR-specific 
Abs in saliva (Fig. 2A) and vaginal wash (Fig. 2B). These results 
suggest that SBR-CTA2/B was more effective at inducing salivary 
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IgA Abs to SBR than SBR-LT-IIaA2/B. However, this effect was not 
observed in vaginal wash samples. 

EXAMPLE 10 

5 Plasma antihndy responses to SBR 

Mice immunized by the i.n. route with SBR-CTA2/B or 
SBR-LT-IIaA2/B had significantly (P < 0.05) higher (3- to 10-fold) 
levels of plasma IgA anti-SBR Abs compared to mice immunized 
with SBR alone (Fig. 3A). On days 28 through day 70, SBR- 

1 0 CTA2/B immunized mice had significantly (P < 0.05) higher levels 
of SBR-specific plasma IgA compared to mice immunized with 
SBR-LT-IIaA2/B (Fig. 3A). Plasma IgG anti-SBR levels were also 
significantly elevated in mice immunized with SBR-CTA2/B or 
SBR-LT-HaA2/B compared to SBR alone (Fig. 3B). Furthermore, 

15 on days 1 8 to 70, plasma IgG anti-SBR Abs were significantly (P < 
0.05) higher in mice immunized with SBR-CTA2/B than in mice 
receiving the SBR-LT-IIaA2/B chimera (Fig. 3B). Analysis of the 
IgG subclasses revealed that the major SBR-specific subclass was 
IgGl, followed by lower levels of IgG2a and IgG2b (Fig. 3C). SBR- 

20 specific IgGl Ab in SBR-CTA2/B immunized mice was significantly 
elevated compared to SBR or SBR-LT-IIaA2/B immunized mice 
(Fig. 3C). Furthermore, the ratios of SBR-specific IgGl:IgG2a 
were markedly different between groups. Mice immunized with 
SBR-CTA2/B had an IgGl:IgG2a ratio of 10:1, whereas those 

25 immunized with SBR-LT-IIaA2/B had an IgGl:IgG2a ratio of 4:1 
(Fig. 3C). Thus, it appears that the greater IgG Ab response 
induced by SBR-CTA2/B is largely due to a selective increase in 
IgGl Abs. 
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Table 1 shows a comparison of serum IgG and IgA 
antibody responses in mice immunized with phosphate-buffered 
saline (control), SBR (20[ig), SBR-CTA2/B chimeric protein 
(50ng), SBR-LT(IIa)A2/B chimeric protein (50|ng) or SBR- 
5 LT(IIb)A2/B chimeric protein (50|ng). Groups of 6 mice each 
were immunized intranasally 3 times at 10-day intervals (i.e. days 
1, 11, and 21), and serum samples were collected 7 days after 
the third dose (i.e. day 28). Serum antibodies were assayed by 
ELISA against whole Agl/II, and are expressed as jig/ml. 

10 
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TABLE 1 

££EIim Antibody indi ir.ftd by SBR t _SBR=CEA2ZB < SttK-TT-TTaA7./B. or 

SBK- T /T- TT hA2/B 

Ab Class Tmmnnogena 

SBR- SBR- SBR- 

Contr SBR CTA2/B T,T(TTa)A2/ TT(TTb)A2/B 

dJ B 

IgG 0 6.88 30.73 24.32 63.69 

MeandbSD ±5.72 ±24.38 ±13.69 ±44.80 

IgG 0 5.27 17.42 20.58 50.49 

Geo. Mean x/±2.2 xZ±4.6 x/±1.98 xl±2.24 
x/±SP 3 8 

IgA 0 0.24 0.68 0.38 1.61 

Mean±SD ±0.59 ±1.09 ±0.24 ±1.17 

IgA 0 0.16 0.27 0.34 1.08 

Geo. Mean xZ±2.9 x/±4.7 x/±2.00 iZ±3.50 
x/iSD 8 2 



F.YAMPT.F. 11 
10 Antibody responses to CT and T.T-TTa 

The immunogenicity of the CTA2/B and LT-IIaA2/B 
components of the two chimeras was also analyzed by employing 
a ganglioside-dependent HI ISA (28). Optimal concentrations of 
GM1, GDlb, CT and LT-IIa for coating the assay plates were first 
15 determined by titration curves generated with various 
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concentrations of the ganglioside, CT, and LT-IIa. SBR-CTA2/B 
induced significantly higher (P < 0.05 to P < 0.001) salivary IgA 
and vaginal IgA anti-CT Ab compared to the anti-LT-IIa Ab 
responses induced in mice immunized with SBR-LT-IIaA2/B (Fig. 
5 4A, 4B). Plasma IgA and IgG Ab responses to LT-IIa were likewise 
lower than the anti-CT responses (Fig. 4C, 4D). These data 
demonstrate that the CTA2/B subunits of CT were consistently 
more immunogenic than the LT-HaA2/B subunits of LT-IIa in the 
respective chimeras. 

10 

EXAMPLE 12 

Repression of B7-1 and B7-2 on R cells 

Several studies have demonstrated the importance of 
B7 molecules on antigen-presenting cells in providing co- 

15 stimulatory function for T cell activation (29, 30). Furthermore, 
it has been shown that the adjuvanticity of CT is strongly 
dependent upon the upregulation of B7-2 expression (31). 
However, it is not known if the immunogenicity of Ags genetically 
coupled to the B subunit depends on B7 upregulation. Therefore, 

20 the issues of whether SBR-CTA2/B and SBR-LT-IIaA2/B could 
upregulate B7-1 or B7-2 expression on splenic B cells, and if the 
differences in immune responses to these immunogens might be 
related to differential effects on B7 expression were examined. 
Incubation of SBR-CTA2/B with splenic B cells from naive mice 

25 resulted in a significant upregulation of B7-2 expression, which 
was greater than 5-fold higher than that induced by SBR-LT- 
IIaA2/B (Table 2). In contrast, SBR-CTA2/B had no effect on B7-1 
expression on B220 + cells. SBR or rCTB alone caused no change 
in B7-1 expression and only a modest increase in B7-2 (Table I). 
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rLT-IIa B alone induced a similar increase in B7-1 expression as 
seen with SBR-LT-IIaA2/B. but did not affect B7-2 expression 
(Table 2). The upregulation of B7-2 by SBR-CTA2/B was dose- 
dependent, reaching a maximum at 20 |xg/ml (Fig. 5A). In 
5 contrast, SBR-LT-IIaA2/B had only a minor effect on B7-1 and B7- 
2 expression at all concentrations tested (Fig. 5A). To 
demonstrate that the upregulation of B7 expression by the 
chimeric proteins was dependent upon ganglioside binding, SBR- 
CTA2/B and SBR-LT-IIaA2/B were incubated with GM1 or GDlb, 

10 respectively, before addition to B cell cultures. Pretreatment of 
either chimera with its receptor significantly reduced B7 
expression by B cells to levels accountable for by the effect of 
SBR alone (Table 2). These results demonstrate that SBR-CTA2/B 
and SBR-LT-IIaA2/B differ in their ability to enhance B7-1 and B7- 

15 2 expression, and suggest that the upregulation of B7 depends on 
recognition of the chimeras by their respective ganglioside 
receptors. 

To determine if the observed increases in B7 
expression on B cells promoted a functional co-stimulatory 

20 activity, CD4+ T cell proliferative responses were assessed. 
Splenic CD4 + T cells were stimulated with a sub-optimal 
concentration of anti-CD3 in the presence of B cells that had 
previously been incubated with SBR-CTA2/B or SBR-LT-HaA2/B 
(or medium alone) and then fixed with paraformaldehyde. CD4 + 

25 T cells cocultured with untreated B cells (medium only) displayed 
a low level of stimulation by anti-CD3 (Fig. 5B). SBR-LT-IIaA2/B- 
treated B cells did not significantly enhance T cell proliferation 
under anti-CD3 stimulation compared to untreated B cells (Fig. 
5B). In contrast, B cells incubated with SBR-CTA2/B induced 
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significantly (P < 0.05) higher T cell proliferative responses 
compared to both the SBR-LT-IIaA2/B -treated and control groups 
(Fig. 5B). To determine if the increased CD4 + T cell proliferation 
in response to B cells was dependent on B7 upregulation, mAbs 
5 to B7-1 or B7-2, or isotype control Abs were added to the 
cultures. The mAb anti-B7-l, anti-B7-2 or both had little effect 
on the B cell co-stimulatory activity induced by SBR-LT-IIaA2/B 
(Fig. 5B). The addition of mAb anti-B7-l had no significant effect 
on T cell proliferation induced by SBR-CTA2/B -treated B cells. In 

10 contrast, the addition of mAb anti-B7-2 significantly (P < 0.05) 
diminished ' the T cell proliferative response induced by SBR- 
CTA2/B-treated B cells (Fig. 5B). Isotype control Abs did not 
have any effect on proliferative responses (Data not shown). 
These data suggest that the enhanced co-stimulation of T cells by 

15 SBR-CTA2/B-treated B cells was associated with B7-2, but not B7- 
1 upregulation. 
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TABLE 2 

F.ypre.ssirm of R7-1 and B7-7. on splp.nir. R7 9.0+ r.ftTls treated with 
SRR-CTA2/R, SB"R -T ,T-TTa A 2fR 1 SRR, rCTB, or rLT-TTa B» 



5 



Stimulant ^ % increase positive cells: 



B7-1 B7-2 



SBR-CTA2/B <l b 37.03 ± 7.67 

SBR-LT-HaA2/B 4.78 ±2.16 7.18 ± 2.87 

SBR <1 4.67 ± 2.93 

rCTB <1 vj'i 8.49 ± 2.12 

rLT-HaB 5.87 ±3.15 <1 
SBR-CTA2/B 

(GM1 -treated) <1 5.49 ± 2.33 
SBR-XT-IIaA2/B 

(GDlb-treated) <1 4.66 ± 3.19 

a B220 + splenic cells (1 x 10 6 /ml) were incubated with 20 |ig/ml of 
chimeric protein or equimolar concentrations of SBR, rCTB, or 
rLT-HaB for 20 h. Cells were washed and costained with FE- 
10 conjugated anti-B7-l and FITC-conjugated . anti-B7-2. 

b Values are the percent increase in the expression of B7 
molecules are shown as the difference between experimental and 
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control (untreated) from three separate experiments (mean ± 
SD). 

Discussion 

5 The above examples demonstrate the construction 

and expression of a recombinant chimeric protein in which the 
ADP-ribosylating Al-subunir~x>f LT-IIa was genetically replaced 
with SBR from the streptococcal adhesin Agl/IL This chimera, 
designated SBR-LT-IIaA2/B, was shown to act as a mucosal 

10 immunogen which induced significantly higher anti-SBR Ab 
responses in both plasma and mucosal secretions compared to an 
equivalent dose of SBR alone. However, the immunogenicity of a 
previously constructed chimeric protein based on CT (24), 
designated SBR-CTA2/B, was significantly greater than that 

15 observed with SBR-LT-IIaA2/B. The greater immunogenicity of 
SBR-CTA2/B was revealed in higher salivary and serum IgA Abs t o 
the SBR component, and in a selective enhancement of IgGl 
subclass Abs. These results suggest that the CT-based chimera 
had a greater capacity to induce responses governed by type 2 T 

20 helper cells (Th2). A similar bias was found in our previous 
studies on the comparative adjuvant properties of the intact 
holotoxins, CT and the type IIHLE(21). The lower Th2 inducing 
capacity of SBR-LT-IIaA2/B may conversely permit greater 
expression of Thl activity, as also indicated by the previous study 

25 (21). A further possible advantage of chimeric mucosal 
immunogens based on LT-IIa rather than CT is that they induce 
substantially lower Ab responses to the HUE component of the 
immunogen. This feature may permit the repeated 

administration of an LT-IIaA2/B -based chimeric protein without 
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the loss of immunogenicity due to pre-existing Abs against the 
HLE. A mechanism contributing to the differences in the 
immunogenicity induced by the two chimeras appears to be 
associated with marked differences in B7 upregulation and 
5 subsequent costimulatory effects on CD4 + T cells. 

The adjuvant properties of CT have been associated 
with the ADP-ribosyltransferase activity of the Al-subunit (4, 
32). Moreover, elevated intracellular cAMP induced by CT, or the 
use or cAMP analogs, has been shown to enhance the expression 

10 of B7-2 on B cells and macrophages (31, 33). In contrast, data 
presented here clearly show that SBR-CTA2/B, which lacks the 
ADP-ribosylating Al-subunit, significantly enhanced B7-2 
expression on B cells, which in turn induced a functional 
costimulatory signal for CD4 + T cells. A recent study by others 

15 using a non-toxic mutant of cholera toxin has also demonstrated 
that B7 enhancement by CT was not dependent upon ADP- 
ribosyltransferase activity (9). Taken together, these data show 
that ADP-ribosylation or subsequent enhancement of cAMP are 
not required for B7 upregulation on B cells. 

20 Earlier studies addressing the effects of B7-1 and B7-2 

on T helper cells suggested that these two B7 molecules do not 
confer equivalent costimulatory signals. Unlike B7-1, B7-2 
preferentially stimulates IL-4 production from human T cells and 
may be initially involved in establishing the Th2-phenotype (29, 

25 34). Moreover, it has been reported that Thl and Th2 cells differ 
in their requirements for CD28 ligation. The initial activation of 
Th2 cells is highly dependent upon B7-CD28 interactions, 
whereas Thl cells initially appear to be less dependent on CD28 
ligation, but require B7-CD28 interactions for their maintenance 
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(30, 35). A study assessing the adjuvant properties of CT 
demonstrated that blocking B7-2-CD28 interactions resulted in a 
down regulation of Ag-specific IgGl but not IgG2a in vivo, and 
that the adjuvant properties of CT were the result of 
5 preferentially upregulating B7-2 (31). The present results with 
SBR-CTA2/B are in agreement with these observations. SBR- 
CTA2/B significantly enhanced B7-2 expression which, in turn, 
provided a costimulatory signal via B7-2 to CD4 + T cells. 
Moreover, analysis of the IgG subclasses revealed that the 

10 enhanced IgG Abs observed in mice immunized with SBR-CTA2/B 
was due to the selective enhancement of IgGl Abs which, 
compared to responses in mice immunized with SBR~LT-IIaA2/B, 
exhibited more than a two-fold increase in the ratio of SBR- 
specific IgGl:IgG2a, indicative of a Th2-dominated immune 

15 response (36, 37). Thus, the selective enhancement of B7-2 may 
play a critical role in the IgGl -dominated Ab subclass response 
observed in SBR-CTA2/B immunized mice. 

The chimeric protein SBR-LT-HaA2/B induced 
significantly lower plasma and mucosal Ab responses, as well as 

20 costimulatory B7 expression, than SBR-CTA2/B. However, SBR- 
LT-IIaA2/B did exhibit enhanced mucosal immunogenicity 
compared to an equimolar amount of SBR alone. One proposed 
mechanism responsible for the immunoenhancing effect of 
chimeric proteins based on HLE B subunits is their targeting of 

25 cell surface gangliosides resulting in enhanced immunogen 
uptake. It has recently been shown that the conjugation of rCTB 
to the surface of liposomes greatly enhanced their adjuvant 
properties compared to liposomes containing rCTB in the 
encapsulated aqueous phase (38). Subsequent studies using both 
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surface-linked and encapsulated rCTB demonstrated enhanced 
uptake of rCTB -coated liposomes by murine Peyer's patches. 
Therefore, compared to SBR alone, the ability of SBR-LT-IIaA2/B 
to target cell-surface gangliosides could result in the enhanced 
5 uptake and increased delivery of Ag to immunocompetent cells. 

Previous studies addressing the immunogenicity of CT 
and LT-I in various mice strains have demonstrated that the 
immunogenicity of type I heat-labile toxins is governed by the H- 
2 haplotype (2, 39). Therefore, the observed differences in the 

10 anti-CT and anti-LT-IIa Ab responses may be due to the particular 
immune response haplotype of the mouse strain (BALB/c) used in 
this study. However, the adjuvanticity of CT is not restricted by 
the H-2 haplotype (40). A previous study demonstrated that, 
while the immunogenicity of CT was significantly greater than 

15 that observed with either LT-IIa or LT-IIb, there was no 
correlation between the immunogenic and adjuvant properties of 
CT, LT-IIa, and LT-IIb in BALB/c mice (21). Thus, results 
concerning the immunoenhancing effect of both chimeras on the 
Ab response to SBR are not likely to be dependent upon the H-2 

20 haplotype. 

The upregulation of B7 molecules by both SBR- 
CTA2/B and SBR-LT-IIaA2/B was dependent upon recognition of 
their respective ganglioside receptors. Due to their genetic 
construction, these two chimeras are structurally similar and 
25 differ only at the amino acid level in their A2/B 5 components, 
which confer different ganglioside-binding properties. Thus, the 
lower immunoenhancing effect of SBR-LT-IIaA2/B may be the 
result of its selective binding to non-GMl receptors or possibly 
the result of its lower affinity for GM1 compared to SBR-CTA2/B 
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(20). Previous studies addressing receptor-mediated 

immunomodulation by the B subunit of the type I HLE LT-I 
showed that targeting its high- affinity receptor, GM1, was largely 
responsible for its immunogenic and adjuvant properties (8, 10). 
5 Despite the ability of LT-I B to bind non-GMl receptors, GM1 
appears to be its dominant receptor (20). Moreover, a recent 
study has demonstrated that membrane lipid rafts enriched in 
GM1, which are believed to play an important role in signal 
transduction and membrane trafficking, were targeted to the 

10 MHC class II peptide-loading compartment after B cell receptor 
crosslinking (41, 42). Therefore, the ability to target GM1 may 
also increase Ag-delivery and subsequent MHC class II 
presentation by B cells. 

Activation of CD4 + T cells requires, in addition to 

15 recognition by the T cell receptor of antigenic peptide in the 
context of MHC class H, co-stimulation of CD28 by B7 molecules 
on the APC (29, 30). B cells normally serve as APC in the 
secondary immune response, when adequate numbers of specific 
antibody-expressing cells are available from the clonal expansion 

20 occurring in the primary immune response. Previous studies 
addressing the effects of the HLE and their B subunits on B 
lymphocyte functional activation (9, 10, 31), as well as data 
presented here, demonstrate that B cells can become activated 
prior to interaction with T cells and subsequently express high 

25 levels of B7 costimulatory molecules and thereby serve as APC. 
The recruitment of activated B cells expressing these phenotypic 
markers has been shown to be important for the activation of 
naive T cells (43). Furthermore, experiments addressing 
germinal center formation by Ag-specific B lymphocytes during 
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the initial immune response suggest that as few as two or three 
activated B cells are required for the induction of productive T:B 
cell interaction (44). Thus, the low frequency of Ag-specific B 
cells during a primary immune response is not likely be a limiting 
5 factor for the activation of naive T cells, when HLE-coupled 
immunogens are used. Thus, even in a primary immune 
response, it is possible that chimeric immunogens based on HLE 
exert their immunoenhancing effect, at least in part, by 
recruiting B cells as APC. 

10 

EXAMPLE 13 

The following examples demonstrate distinct cytokine 
regulation by cholera toxin and the type II heat-labile toxins 

15 involving differential regulation of CD40L on CD4 + T cells. 

After mucosal administration, both type I and type II 
heat-labile enterotoxin (HLT) have been shown to enhance T 
helper (Th) cytokine production from both systemic and mucosal 
lymphoid compartments. However, there appear to be marked 

20 differences in both the Thl and Th2 cytokine profiles induced by 
these enterotoxins (45,46). Several studies have shown that CT 
induces a predominant Th2 response with increased production 
of EL-4, IL-5, and IL-10, and subsequent elevated levels of antigen- 
specific IgGl Ab (45-48). With the aid of IL-4^ knockout mice, it 

25 was further demonstrated that the adjuvanticity of CT is highly 
dependent upon Th2-associated cytokines (49). Compared to CT, 
the type II HLT, LT-IIa and LT-Db, have been shown to induce a 
more balanced Ag-specific Thl and Th2 cytokine profile and IgG 
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subclass response (45). However, the mechanism responsible for 
these observed differences remains to be elucidated. 

An important factor during the initial phase of an 
immune response that determines whether Th cells will develop 
5 into Thl or Th2 effector cells depends upon the presence of IL-12 
and IL-4, respectively. CD40 ligand (CD40L) or CD154, is a type II 
transmembrane protein that is transiently expressed on CD4 + T 
cells, which recognizes CD40 on B cells, 
monocytes/macrophages, and dendritic cells (50). CD40-CD40L 

10 interactions have been demonstrated to be important for the 
induction of IL-12 from APC (51,52). IL-12, which consists of a 
p40 and p35 chain linked via a disulfide bond, promotes the 
differentiation of naive CD4 + T cells into Thl effector cells while 
suppressing the development of Th2 type responses (53-55). 

15 Consistent with these findings, CD40L '' mice have been shown to 
have defective Thl responses while concomitantly exhibiting 
elevated IL-4 production compared to wild type mice (56). Thus, 
the regulation of CD40-CD40L interactions appears to play an 
important role in determining the function of Th cells. 

20 Studies in the present example were focused on 

whether CT and the type II enterotoxins differentially affect 
CD40L expression on CD4 + T cells and the subsequent CD40- 
CD40L-dependent IL-12 production from APC. It was found that 
CT, but not LT-IIa or LT-IIb, significantly inhibited T cell activation 

25 and the up-regulation of CD40L expression on CD4 + T cells after 
anti-CD3 stimulation. Using a co-culture system, CT-, LT-IIa-, and 
LT-IIb-treated CD4 + T cells differentially affected CD40-CD40L- 
dependent TNF-a and IL-12 production by both autologous 
monocytes and monocyte-derived dendritic cells. 
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LT-IIa and LT-EEb holotoxins were derived from an R 
coli XL-1 Blue (Stratagene) strain transformed with plasmids 
pTDC200 or pTDOOl, respectively (27). Growth and 
purification of LT-IIa and LT-IIb were done as previously 
5 described (45). CT was purchased from List Biological 
Laboratories. Human anti-CD3 and neutralizing human anti- 
CD40L Abs were obtained from Pharmingen (San Diego, CA). 
Recombinant human IL-4, EFN-y, and GM-CSF were purchased from 
R&D Systems (Minneapolis, MN). 

10 

EXAMPLE 14 

Isolation and stimulation of human PBMC, CD4+ T cells, 

monocytes, and dendritic cells 

Human PBMC were obtained from healthy donors and 

15 isolated from heparinized venous blood by isolating the buffy 
coat and eliminating RBC contamination by histopaque (SG- 
1.077) density gradients. After washing in PBS containing 1% 
fetal calf serum (FCS) and 2 mM EDTA, PBMC were re-suspended 
at a concentration of 2 x 10 6 cells/ml in complete culture 

20 medium RPMI 1640 (Cellgro Mediatech, Washington DC) 
containing 10% FCS, 1% L-glutamine, 10 mM HEPES, 10 U/ml 
penicillin, 100 jig/ml streptomycin, and 50 jig/ml gentamycin, 
and then stimulated with soluble anti-CD3 (1 jig/ml) in the 
presence or absence of the desired holotoxin (1 to 1000 ng/ml). 

25 Cell-free supernatants were collected after incubation for 48 to 
72 h and stored at -20° C until assayed for cytokine production. 

CD4+ T cells were purified from isolated human PBMC 
with the aid of a CD4+ T cell indirect magnetic labeling kit 
containing monoclonal hapten-conjugated CD8, CDllb, CD 16, 
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CD19, CD36, and CD56 Abs (Miltenyi Biotec). As determined by 
flow cytometry, this procedure routinely yielded > 95% CD4 + T 
cells. CD4+ T cells were pre-incubated with CT, LT-IIa, or LT-IIb ( 1 
to 1000 ng/ml) for 1 h and then stimulated with plate-bound 
5 anti-CD3 (5 jig/ml). CD4 + T cells were then stained for CD25, 
CD69, or CD40L expression using antibodies obtained from 
Pharmingen and analyzed by flow cytometry. 

To determine the functional consequence of CD40L 
expression on CT-, LT-IIa-, or LT-IIb-treated CD4 + T cells, after 

10 anti-CD-3 stimulation for 6 h, CD4 + T cells were fixed with 1% 
paraformaldehyde, washed extensively in complete RPMI, and co- 
cultured at a concentration of 2 x 10 6 cells/ml with autologous 
monocytes or monocyte-derived dendritic cells (1 xlO 6 cells/ml) 
in the presence or absence of anti-CD40L or an isotype-matched 

15 control Ab. 

Monocytes were isolated from PBMC by depletion of 
non-monocyte cells, which was performed with the aid of an 
indirect magnetic isolation kit using monoclonal hapten- 
conjugated CD3, CD7, CD19, CD45RA, CD56, and IgE Abs 

20 (Miltenyi Biotec). This procedure routinely resulted in > 90% 
pure CD14+ cells as shown by flow cytometry. 

Dendritic cells were derived from monocytes purified 
by negative selection as described above. Briefly, monocytes 
were cultured for 7 days in the presence of 100 ng/ml of IL-4 and 

25 GM-CSF and non-adherent cells were harvested. The majority of 
the resulting cells (> 80%) excluded trypan blue, > 60% 
expressed CD la, and exhibited characteristic dendrite formation. 
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EXAMPLE 15 

Cytokine Analysis 

Cell-free culture supernatants were assayed for 
cytokine concentration by ELESA by using reagents for human IL- 
5 2, IL-4, IL-10, IL-12, EFN-y and TNF-a obtained from R&D systems. 
Briefly, flat-bottomed 96-well micro titer plates (Nunc) were 
coated with mouse monoclonal anti-IL-2, anti-IL-4, anti-IL-10, 
anti-IL-12, anti-IFN-y, or anti-TNF-a at 1 jtg/ml in PBS and 
incubated overnight at 4°C. Plates were washed with PBS-Tween 

10 (PBS-Tw) and blocked to limit non-specific binding with 10% PCS 
in PBS for lh at 37°C. After washing the plates, supernatants 
were serially diluted in 1% BSA in PBS and added to the wells. 
Standard curves were generated using serial dilutions of 
recombinant JL-2 (2000 pg/ml), IL-4 (2000 pg/ml), IL-10 (2000 

15 pg/ml), IL-12 (2,000 pg/ml), IFN-y (2000 pg/ml), or TNF-a (1000 
pg/ml). Plates were incubated at 4°C overnight followed by 
washing with PBS-Tw. Appropriate secondary antibodies, 
consisting of either biotin- or peroxidase-labeled goat antibodies, 
were added to plates. In assays using biotinylated antibodies, a 

20 1/1000 dilution of horseradish peroxidase-conjugated 
strep tavidin containing 1% BSA in PBS-Tw was added to the 
appropriate wells and plates were incubated at room temperature 
for 2 h. The reaction was developed for 20 min with o- 
phenylenediamine-H 2 0 2 substrate and stopped with 1 M H 2 S0 4 . 

25 The color reaction was measured at 490 nm. 
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EXAMPLE U 

Flow cytometry 

PBMCs or CD4 + T cells were cultured at a 
concentration of 2 x 10 6 cells/ml in complete culture medium 
5 and stimulated with soluble (1 M,g/ml) or plate-bound (5 |ig/ml) 
anti-CD3 in the presence or absence of CT, LT-IIa, LT-IIb (1 to 
1000 ng/ml). Cells were harvested, centrifuged, and re- 
suspended in FACS buffer (PBS containing 3% FCS and 0.1% NaN 3 
for 15 min and then centrifuged. Cells were then re-suspended in 

1 0 FACS buffer and stained with CD25-FITC, CD69-PE, CDla-PE, C40L- 
PE, and co-stained with CD4-APC (Pharmingen). After a 30 min 
incubation at 4°C, cells were washed in FACS buffer, and re- 
suspended in 1% paraformaldehyde. Fluorochrome-labelled cells 
were analyzed by flow cytometry using a FACStar flow cytometer 

15 (Becton Dickinson, Mountain View, CA). 

EXAMPLE 17 

CT. TT-lTa. and TT-TTh differentially affect cytokine production 

20 from anti-Cm stimulated PRMC 

It was previously found that CT and the type II HLT 
exhibit different effects on the production of Thl and Th2 
cytokines from mouse lymphocytes (45). In order to determine 
if similar effects occurred in human PBMC, cytokine profiles 

25 induced in CT-, LT-IIa-, or LT-IIb-treated, soluble anti-CD3 mAb- 
activated human PBMC were analyzed. Cell-free supernatants 
were collected 48 to 72 h after stimulation and analyzed for 
cytokine production by ELISA. No significant differences in the 
level of IL-4 or IL-10 were observed between CT-, LT-IIa, or LT-Eb 
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treated PBMC cultures (Figure 6A, 6B). In contrast, CT-treated 
PBMC exhibited a pronounced reduction in IL-2, TNF-a, and IL-12 
p70 production compared to PBMC treated with LT-IIa or LT-IIb 
(Figure 6C-E). These data agree with previous findings on the 
5 effects of type I and type II HLT on the immune response in mice 
and demonstrate that CT and the type II HLT differentially affect 
Th cytokine production from anti-CD3 treated human PBMC. 



10 EXAMELE 18 

CT 7 LT-TTa, and TT -TTh differentially affect the activation ajLd 

proliferation of anti-CD3 stimulated PBMC 

Experiments were then performed to determined 
whether CT and the type II HLT could be influencing cytokine 

15 production from APC by affecting T cell activation. PBMC were 
cultured with soluble anti-CD3 for 24 h in the presence or 
absence of holotoxin and then CD4 + T cells were analyzed by flow 
cytometry for T cell activation markers. Anti-CD3 stimulation 
significantly increased CD25 and CD69 expression on CD4 + T 

20 cells, compared to untreated controls (Table 3). However, when 
PBMC were stimulated with anti-CD3 in the presence of CT, a 
significantly lower mean level of both CD25 and CD69 expression 
was seen on CD4 + T cells compared to controls, whereas LT-IIa 
and LT-IIb exhibited minimal inhibitory effects on the expression 

25 of CD25 and CD69 (Table 3). Similarly, CT inhibited the 
proliferation of anti-CD3-stimulated PBMC, while LT-IIa and LT-IIb 
had no significant effect on proliferation (Table 3). Thus, there 
are significant differences in the ability of CT, LT-IIa, and LT-IIb to 
suppress T cell activation and subsequent proliferation. 
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Table 3 

Effects of CX LXJIa, and T.T-TTh on T r.ftll activation and 

proliferation 







Surface 








expression of: 




Stimulant 


Toxin 


CD25 a 


CD69 a 


[ 3 H] thymidine 




( i nn 


(% 


(% 


incorporation" 




ng/ml) 


+ve) 


+ve) 


(cpm) 


None 




3.48 


2.96 


421 


— 


± 


± 


± 






1.51 


2.68 


189 


anti-CD3 




30.77 


26.55 


32747 






+ 


± 








5.94 


4.29 


7459 


anti-CD3 


CT 


*6.83 


*8.47 


*7992 






± 


± 


± 






3.22 


5.63 


r> o c r\ 

2359 


anti-CD3 


LT-IIa 


25.55 


21.49 


28956 






± 


± 


± 






6.02 


5.95 


5625 


anti-CD3 


LT-IIb 


23.44 


21.88 


26331 






± 


± 


± 






5.63 


3.31 


6523 


a Cell surface 


expression of 


CD25 and 


CD69 were 


analyzed by 


FACS following 


a 24 h incubation. b [ 3 H]-thymidine 


was added 


during the last 18 h of a 72 h 


culture. Data represent the mean ± 


SD of cultures 


derived from 


4 donors. 


♦indicates 


statistically 



significant differences at p < 0.05 compared to anti-CD3 treated 
10 PBMCs. 
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Effects of CYT. TT-TTa, and T.T-TTh on rmflT. expression 

Whether the observed differences in the effects of CT 
and the type II HLT on activation and cytokine production by 
anti-CD3 stimulated PBMC were related to an alteration in the up- 
5 regulation of CD40L was examined next. If so, this could 
influence EL-12 production by APC through interaction with CD40. 
Since CD40L is expressed predominantly on CD4 + T cells, PBMC 
were treated with or without CT, LT-IIa, or LT-IIb, stimulated with 
anti-CD3 for 2 to 24 h, and then the CD4 + T cells were analyzed 

10 for CD40L expression by flow cytometry. Anti-CD3 stimulation of 
PBMC resulted in a marked up-regulation of CD40L on CD4 + T 
cells from 2 to 6 h, but CT treatment resulted in > 50% reduction 
(p < 0.05) in the mean level of CD40L expression at all time 
periods (Table 4). In contrast, the addition of LT-IIa or LT-IIb to 

15 anti-CD3 stimulated PBMC minimally affected the mean level of 
CD40L expression compared to anti-CD3 controls (Table 4). 
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Table 4 

Effects of CT r T ,T-TTa T or T.T-TTh on CD40T. EXpiE&siQIl hy human 

PBMC 



Stimulant Toxin CD40L % +ve cells at: 

(100 

ng/ml) 







2h 


4 h 


6h 


24h 


None 




1.81 


2.24 


1.16 


1.32 






± 


± 


± 


± 






0.93 


1.27 


0.64 


0.47 


anti-CD3 




28.3 


37.4 


33.1 


5.35 






9 


1 


8 


± 






± 


± 


± 


3.88 






7.49 


9.21 


8.77 




anti-CD3 


CT 


*11. 


*15. 


*14. 


2.88 






06 


41 


22± 


± 






± 


± 


4.69 


1.31 






3.94 


5.57 






anti-CD3 


LT-IIa 


27.6 


35.6 


32.1 


5.19 






1 


8 


5 


± 






± 


± 


± 


3.35 






6.08 


4.49 


6.77 




anti-CD3 


LT-IIb 


23.8 


33.1 


31.5 


4.93 






3 


9 


9 


± 






± 


± 


± 


2.17 






4.12 


6.27 


4.13 





5 The data represent the mean ± SD of cultures derived from 4 
donors. * indicates significant differences at p < 0.05 compared 
to anti-CD3 treated PBMC. 
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To determine if the observed difference in CD40L 
expression was due to a direct effect of CT, LT-Ha, or LT-IIb on 
CD4 + T cells, purified CD4 + T cells were stimulated with plate- 
bound anti-CD3 with or without the toxins and then analyzed by 
5 flow cytometry for CD40L expression, Anti-CD3 stimulated CD4 + 
T cells again showed a marked up-regulation of CD40L that 
reached maximal levels at 6 h, and the addition of CT resulted in 
a significant (-50%) reduction (p < 0.05) in CD40L expression at 
2, 4, and 6 hr (Figure 7)- In contrast, CD4 + T cells cultured with 

10 LT-IIa or LT-IIb exhibited < 15% reduction (p > 0.05). in the mean 
level of CD40L expression between 2 and 24 h (Figure 7). No 
significant differences were observed in cell viability as revealed 
by trypan blue exclusion between CT-, LT-IIa-, and LT-IIb-treated 
CD4 + T cells (data not shown). Thus CT has a direct suppressive 

15 effect on the up-regulation of CD40L in CD4 + T cells. 

EXA M PLE 19 

CT- hut Tint TT-TTa- or T T-TTh-treated CD4+ T cells Suppressed 

cn40-CD40L-dependent TNF-oc a nd TT,-1?,p70 production by 

20 monocytes and dendritic cells 

Because of the importance of CD40-CD40L 
interactions in the production of IL-12, the functional 
significance of the effects of the toxins on CD40L expression was 
examined by co-culturing toxin-treated CD4 + T cells with APC and 

25 analyzing TNF-oc and IL-12 p70 production. For this purpose, 
CD4 + T cells were stimulated with plate-bound anti-CD3 in the 
presence or absence of the toxins for 6 hr, washed, fixed with 
paraformaldehyde, and then co-cultured with autologous 
monocytes or monocyte-derived dendritic cells. After 48 h 
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incubation, cell-free supernatants were analyzed for TNF-a and 
IL-12 p70 production by ELISA. To determine whether CD40L was 
involved in the production of these cytokines, the co-culture was 
also carried out in the presence of anti-CD40L mAb or an isotype 
5 control Ab. 

Treatment of anti-CD3-stimulated CD4 + T cells with CT 
resulted in a significant reduction in TNF-a and IL-12 production 
by monocytes and dendritic cell, whereas neither LT-IIa- or LT- 
Ilb-treated CD4 + T cells, resulted in any significant reduction in 

10 the synthesis of DL-12 production by the APC (Figure 8). The 
addition of anti-CD40L mAb to CT-treated co-cultures resulted in 
a further reduction in TNF-a and IL-12 production (Figure 8). 
Thus, although CT-treated co-cultures produced significantly less 
IL-12 production from monocytes and dendritic cells compared 

15 to anti-CD3 controls, CT did not completely abrogate CD40L- 
dependent IL-12 p70 or TNF-a production (Figure 8). The 
addition of anti-CD40L mAb to LT-IIa or LT-IIb-treated co-cultures 
significantly inhibited both TNF-a and IL-12 production from 
autologous monocytes and dendritic cells (Figure 8). Thus, the 

20 action of CT on CD4 + T cells led to the suppression of CD40- 
dependent TNF-a and IL-12 production in both monocytes and 
dendritic cells. In contrast, LT-IIa- and LT-IIb-treated CD4 + T cells 
were more able to stimulate cytokine production from APC 
through CD40-dependent interactions. 

25 

Discussion 

It was previously reported that CT, LT-IIa, and LT-IIb 
exhibited potent but distinct adjuvant responses in mice (45), 
and that CT and the type II HLT induced discrete Th cytokine 

48 

BNSDOCID: <WO 0174383A1_I_> 



WO 01/74383 



PCT7US01/10695 



production and IgG subclass responses. In the present study, it is 
shown that CT and the type II HLT have similar differential effects 
on anti-CD3- stimulated human PBMC, and this system is used to 
investigate the mechanisms responsible for these differences. 
5 The results showed that CT, LT-Ha, and LT-IIb differentially 
affected CD4 + T cell activation and CD40-dependent cytokine 
production: CT, but not LT-Ha or LT-IIb, significantly suppressed 
the level of CD40L expression on anti-CD3 stimulated CD4 + T 
cells. Furthermore, CT-treated CD4 + T cells induced significantly 

10 less CD40-dependent IL-12 p70 production in both monocytes 
and monocyte-derived dendritic cells than either LT-IIa- or LT-IIb- 
treated CD4 + T cells. 

Analysis of holotoxin-treated PBMC suggested that CT 
exhibited distinct suppressive effects on CD4 + T cells that were 

15 not apparent with LT-IIa- or LT-IIb- treated cultures. The 
observations that CT reduced T cell activation markers on anti- 
CD3 stimulated CD4 + T cells are in agreement with previous 
studies, but the present study showed that neither LT-Ha or LT-IIb 
significantly suppressed CD25 or CD69 expression on CD4 + T. 

20 These differences were further supported by the significant 
reduction in T cell proliferation and CD40L expression in CT- 
treated cultures. The up-regulation of CD40L on human T cells 
has been shown to depend upon both EL-2 and IL-12 production. 
Moreover, previously activated T cells could up-regulate CD40L 

25 in the presence of IL-2 and without anti-CD3 stimulation. Thus, 
the differential inhibition of CD25 as well as DL-2 and IL-12 
production by CT and the type H HLT may, in part, explain the 
observed levels of CD40L expression in CT-, LT-Ha-, and LT-Hb- 
treated cultures. 
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The differentiation of naive Th cells into Thl and Th2 
cells is governed by EL-12 and IL-4, respectively, and so are their 
ability to activate specific signal transducer and activator of 
transcription (STAT) molecules. The ability of CT to act as a 
5 mucosal adjuvant has been well studied and has typically been 
classified as an adjuvant inducing Th2-associated immune 
responses- Several studies, including data presented herein, 
demonstrate that CT can directly or indirectly down-regulate JLr 
12 production from APC. Conversely, while CT does possess 

10 inhibitory properties for the induction of Thl cytokines, its 
mucosal adjuvanticity has been shown to be strongly dependent 
upon Th2 cytokines, especially EL-4. Moreover, CT appears to 
directly inhibit Thl clones but does not possess these inhibitory 
effects on Th2 clones producing EL-4. The data presented in this 

15 study defines an additional pathway by which HLT affect IL-12 
production from APC The type II HLT did not suppress the up- 
regulation of CD40L or CD40-dependent EL-12 production from 
autolgous APC compared to the levels observed with CT-treated 
cultures. Th cells able to differentiate into Thl or Th2 cells have 

20 been found to polarize predominantly into the Th2 phenotype 
when primed under conditions containing both EL-4 and IL-12 
compared to conditions containing only DL-12. However, in the 
presence of a higher IL-12 dose, the number of IL-4 producing 
cells observed when priming in the presence of IL-4 and IL-12 was 

25 reduced by almost half while there was a concomitant rise in the 
number of EMF-y producing cells. Considering that anti-CD3 
stimulated PBMC cultures produced similar levels of EL-4, the 
ability of CT and the type II HLT to alter the levels of IL-12 
produced during Th cell activation and priming further explain 
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the distinct Th profiles observed when these HLT are used as 
adjuvant. 

The ability of APCs and T cells to deliver mutual co- 
stimulatory signals during an immune response is necessary for 
5 the development of effector cells. Among these circumstances, 
the CD40-CD40L pathway has diverse effects (50,51,57). Up- 
regulation of CD40L upon T cell activation has been implicated as 
a primary mechanism responsible for the induction of IL-12 and 
Thl responses. Thl responses are deficient in the absence of 

10 CD40-CD40L interactions, and CD40L-deficient T cells are 
defective in IFN-y production while conversely exhibiting higher 
IL-4 production than normal cells (56). Moreover, the inability 
of CD40L-deficient T cells to differentiate into Thl effector cells 
was due to a lack of EL-12 production from APC. These findings 

15 are consistent with the present observations concerning the 
abilities of CT, LT-IIa, and LT-IIb to differentially affect CD40L 
expression on CD4 + T cells and subsequent Thl and Th2 cytokine 
production. 

Dendritic cells (DC) are believed to be the major AFC 
20 involved in the primary immune response. Mature DC have been 
shown to express an array of co-stimulatory molecules and thus 
are potent stimulators of both T and B lymphocytes. An 
important final step in the development of DC from an immature 
phagocytic DC to a mature DC capable of priming naive T cells 
25 involves signaling through CD40, and the CD40-CD40L interaction 
promotes the ability of DC to efficiently stimulate CD8 + CIL 
responses (58,59). Despite previous studies demonstrating the 
ability of CT to induce a predominant Th2-associated immune 
response, as well as its potent inhibitory effects on EL-12 
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production from APC, several groups have demonstrated the 
ability of CT to induce IL-12-dependent CTL responses in mice 
(60). Thus, although CT has been shown to reduce IL-12 
production from monocytes and DC, as well as suppress CD40L- 
5 dependent IL-12 production from APC, CT did not abrogate EL-12 
production. The present study showed that CT-treated CD4 + T 
cells expressed significantly higher levels of CD40L than non- 
stimulated CD4 + cultures and these cells were still capable of 
inducing DL-12 p70 production from both monocytes and 

10 monocyte derived dendritic cells. However, due to the 
differences in CD40L expression and IL-12 production induced by 
CT and the type II HLT, their use as adjuvants may permit the 
selective generation of predominantly antibody-mediated or cell- 
mediated immunity. 

15 In summary, the present study indicates that CT, LT- 

Ila, and LT-IIb induced different Th cell profiles from anti-CD3 
stimulated PBMC cultures. By directly comparing these HLT, the 
present study demonstrates CT, LT-IIa, and LT-IIb possess unique 
immunomodulatory properties on CD4+ T cells that accounted, in 

20 part, for their observed cytokine differences. 
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10 individually indicated to be incorporated by reference. 

One skilled in the art will appreciate readily that the 
present invention is well adapted to carry out the objects and 
obtain the ends and advantages mentioned, as well as those 
objects, ends and advantages inherent herein. The present 

15 examples, along with the methods, procedures, treatments, 
molecules, and specific compounds described herein are 
presently representative of preferred embodiments, are 
exemplary, and are not intended as limitations on the scope of 
the invention. Changes therein and other uses will occur to those 

20 skilled in the art which are encompassed within the spirit of the 
invention as defined by the scope of the claims. 
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WHAT IS CLAIMED IS: 

1 . A method of inducing an immune response by 
administration of a recombinant immunogen expressed from a 
plasmid which comprises in operable linkage: 
5 a) an origin of replication; 

b) a promoter; 

c) DNA sequence encoding a fusion protein of an 
antigen of interest fused in frame to the A2 subunit of a type E 
heat-labile enterotoxin; and 

10 d) DNA sequence encoding subunit B of type II heat- 

labile enterotoxin for coexpression with the fusion protein of 
said antigen of interest to facilitate assembly of a chimeric 
protein. 

15 2. The method of claim 1, wherein said antigen of 

interest is salivary binding protein (SBR) from Streptococcus 
mutans surface protein (Ag I/II). 

3. The method of claim 1, wherein said type II 
20 heat-labile enterotoxin is selected from the group consisting of R 

coli heat-labile type Ha toxin and E. coli heat-labile type lib toxin. 

4. The method of claim 1, wherein said plasmid is 

pVAR9. 

25 

5. The method of claim 1, wherein said plasmid is 
pSBR-LT-IIbA2/B. 
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6. The method of claim 1, wherein said 
immunogen is administered by a route selected from the group 
consisting of orally, intranasally, intrarectally, intravaginally, 
intramuscularly, transcutaneously and subcutaneously. 

5 

7. The method of claim 1, wherein said immune 
response results in the production of antibodies to the antigen 
sequence in a bodily fluid selected from the group consisting of 
saliva, intestinal secretions, respiratory secretions, genital 

10 secretions, tears, milk and blood. 

8. The method of claim 1, wherein said immune 
response is selected from the group consisting of development of 
antigen-specific T cells in the circulation and tissues, the 

15 development of cytotoxic T cells and immunological tolerance to 
the antigen sequence. 

9. A method of inducing a B7-dependent immune 
response by administration of a recombinant immunogen 

20 expressed from a plasmid which comprises in operable linkage: 

a) an origin of replication; 

b) a promoter; 

c) DNA sequence encoding a fusion protein of an 
antigen of interest fused in frame to the A2 subunit of cholera 

25 toxin; and 

d) DNA sequence encoding subunit B of cholera toxin 
for coexpression with the fusion protein of said antigen of 
interest to facilitate assembly of a chimeric protein. 
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10. The method of claim 9, wherein said antigen of 
interest is salivary binding protein (SBR) from Streptococcus 
mutatis surface protein (Ag I/II). 

5 11. The method of claim 9, wherein said 

immunogen is administered by a route selected from the group 
consisting of orally, intranasally, intrarectally, intravaginally, 
intramuscularly, transcutaneously and subcutaneously. 

10 12. The method of claim 9, wherein said immune 

response results in the production of antibodies to the antigen 
sequence in a bodily fluid selected from the group consisting of 
saliva, intestinal secretions, respiratory secretions, genital 
secretions, tears, milk and blood. 

15 

13. The method of claim 9, wherein said immune 
response results in enhanced IgGl production to the antigen 
sequence in a bodily fluid selected from the group consisting of 
saliva, intestinal secretions, respiratory secretions, genital 

20 secretions, tears, milk and blood. 

14. The method of claim 9, wherein said immune 
response is selected from the group consisting of development of 
antigen-specific T cells in the circulation and tissues, the 

25 development of cytotoxic T cells and immunological tolerance to 
the antigen sequence. 

15. The method of claim 9, wherein said In- 
dependent immune response is selected from the group 
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consisting of induction of B7-2 expression on antigen presenting 
cells, B7-2-mediated co-stimulation of T cell proliferation, 
enhanced IgGl secretion and induction of Th2 immune 
responses. 

5 

16. The method of claim 15, wherein said antigen 
presenting cell is selected from the group consisting of 
monocytes, macrophages, dendritic cells and B cell. 

10 17. A method of reducing CD40L expression on 

CD4 + T cells by administration of a recombinant immunogen 
expressed from a plasmid which comprises in operable linkage: 

a) an origin of replication; 

b) a promoter; 

15 c) DNA sequence encoding a fusion protein of an 

antigen of interest fused in frame to the A2 subunit of cholera 
toxin; and 

d) DNA sequence encoding subunit B of cholera toxin 
for coexpression with the fusion protein of said antigen of 
20 interest to facilitate assembly of a chimeric protein. 

18. The method of claim 17, wherein said antigen of 
interest is salivary binding protein (SBR) from Streptococcus 
mutatis surface protein (Ag I/II). 

25 

19. The method of claim 17, wherein said 
immunogen is administered by a route selected from the group 
consisting of orally, intranasally, intrarectally, intravaginally, 
intramuscularly, transcutaneously and subcutaneously. 
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20. A method of reducing TNF-a or IL-12 secretion 
in an individual by administration of a recombinant immunogen 
expressed from a plasmid which comprises in operable linkage: 

5 a) an origin of replication; 

b) a promoter; 

c) DNA sequence encoding a fusion protein of an 
antigen of interest fused in frame to the A2 subunit of cholera 
toxin; and 

10 d) DNA sequence encoding subunit B of cholera toxin 

for coexpression with the fusion protein of said antigen of 
interest to facilitate assembly of a chimeric protein. 

21. The method of claim 20, wherein said antigen of 
15 interest is salivary binding protein (SBR) from Streptococcus 

mutans surface protein (Ag I/II) . 

22. The method of claim 20, wherein said 
immunogen is administered by a route selected from the group 

20 consisting of orally, intranasally, intrarectally, intravaginally, 
intramuscularly, transcutaneously and subcutaneously. 

23. The method of claim 20, wherein said TNF-aor 
XL- 12 is secreted from cells selected from the group consisting of 

25 human peripheral blood mononuclear cells, monocytes, 
macrophages and dendritic cells. 

24. A method of increasing Thl response and cell- 
mediated immunity by administration of a recombinant 
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immunogen expressed from a plasmid which comprises in 
operable linkage: 

a) an origin of replication; 

b) a promoter; 

5 c) DNA sequence encoding a fusion protein an antigen 

of interest fused in frame to the A2 subunit of a type II heat- 
labile enterotoxin; and 

d) DNA sequence encoding subunit B of type II heat- 
labile enterotoxin for coexpression with the fusion protein of 
10 said antigen of interest to facilitate assembly of a chimeric 
protein. 

25. The method of claim 24, wherein said antigen of 
interest is salivary binding protein (SBR) from Streptococcus 

15 mutans surface protein (Ag I/II). 

26. The method of claim 24, wherein said 
immunogen is administered by a route selected from the group 
consisting of orally, intranasally, intrarectally, intravaginally, 

20 intramuscularly, transcutaneously and subcutaneously. 

27. A method of increasing Thl response and cell- 
mediated immunity by administration of a recombinant 
immunogen expressed from a plasmid which comprises in 

25 operable linkage: 

a) an origin of replication; 

b) a promoter; 
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c) DNA sequence encoding a fusion protein an antigen 
of interest fused in frame to the A2 subunit of a E. coli heat-labile 
type Ila or type lib toxin; and 

d) DNA sequence encoding subunit B of type II heat- 
5 labile enterotoxin for coexpression with the fusion protein of 

said antigen of interest to facilitate assembly of a chimeric 
protein. 

28. The method of claim 27, wherein said antigen of 
10 interest is salivary binding protein (SBR) from Streptococcus 

mutatis surface protein (Ag I/II). 

29. The method of claim 27, wherein said 
immunogen is administered by a route selected from the group 

15 consisting of orally, intranasally, intrarectally, intravaginally, 
intramuscularly, transcutaneously and subcutaneously. 
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